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PROGRESS IN UNDERSTANDING HEAVY FLAVOR DECAYS
JEFFREY D. RICHMAN
Department of Physics, University of California, Santa Barbara, CA 93106
I review new results on particles containing a charm or bottom quark, focusing on measurements that give
insight into the dynamics of the decay process. Leptonic and semileptonic decays are the simplest modes, and
they provide detailed tests of theoretical predictions based on methods such as lattice QCD, heavy quark effective
theory, and QCD sum rules. Although hadronic decays are much more complicated, the factorization hypothesis
makes predictions that, at least for certain processes, are in accord with measurements. I also emphasize the
importance of precise measurements of branching fractions for normalizing modes, whose uncertainties propagate
into many other quantities. Rare hadronic decays are now becoming accessible to several experiments, and I
discuss new results and their implications. Finally, I review b-hadron lifetime measurements, which are steadily
improving in precision and which indicate a significant difference between B-meson and b-baryon lifetimes.
1 Introduction
The weak decays of hadrons containing a charm
(c) or bottom (b) quark provide insight into a
broad range of questions in particle physics. The
main issues are (1) decay dynamics, especially
the effect of strong interactions on the underly-
ing weak decay; (2) the magnitudes of Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements; (3)
the origin of CP violation; and (4) the physics of
a host of rare processes, including flavor-changing
neutral current decays, which can probe physics
beyond the standard model.
In this review, a I focus primarily on measure-
ments that help to shed light on the dynamics
of heavy-flavor decays. A detailed understand-
ing of these processes is essential for determining
the magnitudes of CKM elements. The physics of
heavy-flavor decays has also proved to be a fas-
cinating subject in its own right, since new theo-
retical methods have been devised to exploit the
large bottom and charm quark masses, leading to
some remarkable predictions that can be tested by
experiment.
Progressing from the simplest to the most
complicated, I describe leptonic, semileptonic, and
hadronic decays, including certain rare modes.
The most interesting experimental results on lep-
tonic decays areD+s measurements, where leptonic
decay is Cabibbo allowed and signals have been
observed. Due to constraints on the length of
this review, however, my discussions of semilep-
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tonic and hadronic decays are restricted almost
entirely to decays of bottom mesons, omitting the
vast amount of important work on charm hadrons
and bottom baryons. The exceptions are the de-
cays D0 → K−π+ and D+s → φπ+, which I in-
clude because of their crucial role as normalizing
modes in both charm and bottom physics. From
the perspective of dynamics, semileptonic B de-
cays are especially interesting. Here, strong in-
teraction effects are quite important, but they are
sufficiently simple in many cases to allow detailed
theoretical predictions that can be tested experi-
mentally. Hadronic modes are the most difficult to
describe, since strong interactions affect both cur-
rents, and final-state interactions can also come
into play. However, factorization has proved to be
a useful simplifying framework, at least in certain
b → c decays with large energy release, and I re-
view some of the measurements that test this idea.
I also summarize new results on hadronic rare de-
cays and discuss the question of penguin contri-
butions to final states that are eigenstates of CP,
which would complicate the interpretation of CP
violation measurements. Finally, I review the sta-
tus of b-hadron lifetime measurements, which also
have important implications for our understanding
of decay dynamics.
The use of semileptonic B decays and B0B¯0
oscillations to extract CKM elements is covered
at this conference by Lawrence Gibbons, 1 who
also discusses the important recent observations
of b→ uℓ−ν modes by CLEO. Processes involving
flavor-changing neutral currents are reviewed by
Andrzej Buras. 2 Many of the theoretical issues
related to heavy-flavor dynamics are discussed by
1
Guido Martinelli. 3 Rolf Landua 4 discusses the
spectroscopy of heavy-flavor hadrons. In addition,
several recent articles review experimental 5,6 and
theoretical 7,8,9,10 aspects of heavy-flavor physics.
2 Leptonic Decays
In the leptonic decay of a charged meson M (also
of mass M) the quark and antiquark annihilate
into a virtual W, which then produces a charged
lepton and a neutrino. In this decay, the ef-
fect of strong interactions can be parametrized
by a single “decay constant,” f2M ∝ |ψ(0)|2/M,
where ψ(0) is the amplitude for the quarks to have
zero separation. For a pseudoscalar meson, the
only available four-vector that can appear in the
hadronic current is qµ, the four-momentum of the
meson. The hadronic current is therefore given
by < 0|Jµ|M >= iVqQ fM qµ, where VqQ is the
appropriate CKM matrix element. The leptonic
width is given by
Γleptonic =
G2F
8π
|VqQ|2f2MMm2ℓ
(
1− m
2
ℓ
M2
)2
, (1)
where mℓ is the lepton mass and the factor m
2
ℓ is
a consequence of helicity suppresssion.
There is great interest in obtaining accurate
measurements of decay constants partly because
they can be compared with lattice QCD calcula-
tions,3 which are becoming more reliable. In addi-
tion, decay constants are needed to extract certain
CKM matrix elements. For example, the B0B¯0
mixing rate is determined by ∆M ∝ f2BBB|Vtd|2,
where fB is the B meson decay constant and BB
is the bag constant.
Experimental study of leptonic decays of
heavy-flavor mesons has been difficult for two rea-
sons. First, the leptonic width is small compared
to the total width (unlike the case in K+ decays),
since f2MM → constant for large M , whereas the
total decay rate is proportional to M5. Second,
the presence of a neutrino in the final state makes
reconstruction of the signal and rejection of back-
ground more difficult. The B+ leptonic decay rate
is CKM suppressed (∝ |Vub|2), putting it beyond
the reach of current measurements. D+s leptonic
decay, however, is CKM favored (∝ |Vcs|2), and it
has been measured by several experiments.
The most recent measurement of D+s → µ+νµ
has been reported by Fermilab E653, 11 in which
Table 1: Measurements of D+s → µ
+νµ. The branching
fractions from WA75, CLEO, and E653 have been updated
to reflect the 1996 PDG value for B(D+s → φπ
+). The
normalization of the WA75 experiment is somewhat com-
plicated, since the relative D0 to D+s cross section is de-
termined by a different experiment (ACCMOR). The BES
signal includes one D+s → τ
+ντ candidate.
Expt Norm. Mode Events B(Ds → µ
+νµ)
/10−3
WA75 D0 → µ+νµX 8.5
+3.8
−3.0
4.1± 1.6± 2.2
CLEO Ds → φπ
+ 47 ± 10 6.6± 1.9± 1.7
E653 Ds → φµ
+νµ 23± 6 3.0± 1.3± 0.8
BES absolute 3 15+13+ 3
−6−2
Average 4.6± 0.8± 1.2
a 600 GeV/c π− beam is incident on an active
emulsion target. Downstream of the target are 18
planes of silicon-strip detectors, a magnetic spec-
trometer, and a muon system. The signature for
D+s → µ+νµ is a muon track with a kink and
large transverse momentum, PTµ, with respect to
the parent particle direction. Figure 1(a) shows
the PTµ distribution for the sample of one-prong
kinks; most of the events are due to the decay
D+ → K¯0µ+νµ, but there is a significant ex-
cess beyond the kinematic endpoint, which is at-
tributed to D+s → µ+νµ decays. A fit to the PTµ
spectrum yields 23 ± 6 D+s → µ+νµ events. As a
check, E653 studies a sample of neutral, two-prong
vee events (Fig. 1(b)). This histogram shows a dis-
tribution of leptons mainly from D0 → K−µ+νµ,
but there is no excess beyond the endpoint because
the D0 cannot decay leptonically.
The status of D+s → µ+νµ results is summa-
rized in Table 1. In addition to the E653 measure-
ment, there are previous results from WA75, 12
CLEO II, 13 and BES. 14 Normalization of the sig-
nal within each experiment is an important issue.
As I will discuss later, the absolute scale of the
D+s branching fractions is not well known. I have
renormalized all but the BES result (which is an
absolute measurement) to the PDG 96 15 value
B(D+s → φπ+) = (3.6 ± 0.9)%. Using the renor-
malized branching fractions, I obtain the world
average branching fraction B(D+s → µ+νµ) =
(4.6± 0.8± 1.2)× 10−3, which corresponds to the
decay constant value
fDs = (241± 21± 30) MeV, (2)
where the first error combines the statistical and
systematic uncertainties and the second error is
2
                           
Figure 1: Observation of D+s → µ
+νµ from E653: (a) The PTµ distribution for the sample of one-prong kinks, showing
the excess beyond the endpoint for the decay D+ → K¯0µ+νµ and (b) PTµ distribution for the sample of two-prong vees.
due to the normalization. There are many lat-
tice QCD calculations of fDs . A recent (prelim-
inary) result from the MILC collaboration 16 is
fDs = (211±7±25±11)MeV, where the last error
is the estimated uncertainty due to the quenched
approximation.
Also reported at this conference is a new mea-
surement of D+s → τ+ντ from L3. 17 In this mode,
the helicity suppression is nearly absent because of
the large τ -lepton mass. L3 reports a preliminary
value of B(D+s → τ+ντ ) = (8.9±2.6±1.1±2.1)%,
which corresponds to fDs = (351 ± 53 ± 19 ±
37) MeV. Averaging this result with those from
D+s → µ+νµ gives fDs = (255± 20± 31) MeV.
Although data samples are much too small to
observe B+ → τ+ντ at the expected branching
fraction (roughly 0.5 × 10−4 to 1.0 × 10−4), an
anomalously large rate could arise as the result of
physics beyond the standard model. ALEPH, 18
CLEO II, 19 and L3 17 have obtained upper lim-
its for this mode with a typical value of B(B+ →
τ+ντ ) < 2 × 10−3 (90% C.L.). In the process
B− → ℓ−ν¯ℓγ, (ℓ = e, µ), the helicity suppres-
sion is removed and the branching fractions for
e and µ are expected to be nearly the same, in
the range 1.0× 10−6 to 4.0× 10−6. These model-
dependent predictions can be compared with new
CLEO limits 20: B(B− → µ−ν¯µγ) < 5.2 × 10−5
and B(B− → e−ν¯eγ) < 2.0× 10−4 at 90% C.L.
3 Semileptonic Decays
A vast amount of information has been obtained
on semileptonic decays of heavy flavors. I will
begin with a simple, physical picture of semilep-
tonic decay dynamics 5 and then turn to measure-
ments of exclusive decays, including detailed stud-
ies of form factors. Finally, I discuss the inclusive
semileptonic branching fraction and its implica-
tions.
3.1 Dynamics of Semileptonic Decays
Semileptonic decays, because of their simplicity,
provide an excellent laboratory in which to study
the effect of nonperturbative QCD interactons on
the weak decay process. The matrix element can
be written as the product of a leptonic current,
which is exactly known, and a hadronic current,
which can be parametrized in terms of form fac-
tors. The form factors are Lorentz-invariant func-
tions that may be expressed in terms of q2, the
square of the mass of the virtual W .
Because semileptonic decays produce at least
three final-state particles, q2 is a variable that
ranges from q2min = m
2
ℓ (which is nearly zero for
ℓ = e or ℓ = µ) to a maximum value q2max =
(mB −mX)2, where X is the final-state hadron or
hadronic system. The variation of the amplitude
with q2 is of great interest, since it probes the ef-
fects of strong interactions on the decay. In fact,
q2 determines the recoil velocity of the daughter
3
hadron in the B rest frame:
w = γX =
EX
mX
=
M2B +m
2
X − q2
2MBmX
, (3)
which also shows that by measuring EX in the
B rest frame, one can determine q2. This result
is simply the two-body decay formula applied to
a situation in which one of the particles has the
variable mass
√
q2.
Figure 2 shows a B meson before decay and
two extreme decay configurations. At the largest
value of q2 (w = 1), known as the zero-recoil
configuration, the full energy of the B goes into
the masses of the daughter hadron and the W, as
shown in Figure 2(b). The daughter hadron and
the W are therefore produced at rest with respect
to the B meson, and the lepton and neutrino are
back to back. If both the initial and the daugh-
ter quarks are very heavy, the hadronic system is
nearly undisturbed for configurations at or near
q2max: one static source of a color field is simply
replaced by another. Color magnetic moment ef-
fects, which are proportional to 1/mQ, are absent
in this limit, so the initial and final quarks are
completely equivalent. The overlap between the
initial and final hadron wave functions is there-
fore very large, leading to a small uncertainty in
the transition form factor and consequently reli-
able predictions for the rate as a function of |Vcb|.
This ideal situation near q2max appears to apply
reasonably well to b→ cℓ−ν¯ but not to b→ uℓ−ν¯
decays, where only one quark is heavy.
As q2 decreases (and w increases), the lep-
ton and neutrino become more collinear, and the
daughter quark recoils at higher and higher veloc-
ity with respect to the spectator (Fig. 2(c)). The
rapidly moving daughter quark must exchange
gluons with the spectator quark in order to form
a bound state. The faster the daughter quark,
the more this gluon exchange suppresses the form
factors, and hence the amplitude. This inter-
action is nonperturbative, and methods such as
lattice QCD or QCD sum rules have been used
to calculate the q2 dependence of the form fac-
tors. In general, a larger range of recoil veloc-
ities leads to a larger falloff in the decay form
factors. For B¯ → D∗ℓ−ν the range is a modest
∆w = 0.5, whereas for B¯ → πℓ−ν the range is
∆w = 17.9, so the pion becomes very relativistic.
Thus, b → cℓ−ν¯ decays are more tractable theo-
retically, both because they have a fairly reliable
normalization point at q2max and because the range
of recoil velocities is relatively small.
l
q
q
q2 = q2
l
ν
ν
q2 = q2
q
min
max
(a)
(b)
(c)
b
c
c
Figure 2: Kinematic configurations in semileptonic B decay
(a) B meson before decay; (b) configuration at q2max (w =
1), where the daughter c quark has little velocity relative
to the spectator; and (c) configuration at q2
min
≈ 0 (w =
wmax), where the daughter c quark has large velocity.
To understand studies of semileptonic decay
dynamics, it is important to know that for a decay
of the form P → P ′ℓ−ν¯, where both P and P ′ are
pseudoscalar mesons, there is only one operative
form factor, F (q2), assuming that the mass of the
lepton is neglected. (This approximation is very
good for ℓ− = e− or ℓ− = µ−.) However, for the
case P → V ℓ−ν¯, where V is a vector meson, the
spin-polarization vector of V allows one to con-
struct additional terms in the hadronic current,
and there are three form factors, A1(q
2), A2(q
2),
and V (q2), that are operative when the mass of
the lepton is neglected.
Our understanding of b → c semileptonic
decay has improved dramatically with the de-
velopment of heavy-quark effective theory 21,22,7
(HQET). In the heavy-quark symmetry limit
(mb → ∞ and mc → ∞), all of the form fac-
tors discussed above are related to a single form
factor, the Isgur-Wise funtion ξ(w):
F (q2) =
(M +mP ′)
2
√
MmP ′
ξ(w)
4
V (q2) = A2(q
2) =
A1(q
2)[
1− q2(M+mV )2
]
=
(M +mV )
2
√
MmV
ξ(w). (4)
These symmetry relations represent a major sim-
plification, even though they do not tell us the
form of ξ(w). However, in the heavy-quark sym-
metry limit, there is one additional result, ξ(1) =
1, which is the form factor normalization in the
zero-recoil configuration.
In the real world, of course, the quark masses
are not infinite, so these results cannot be exact.
The heavy-quark symmetry limit is thus only the
first term in the HQET expansion in 1/mQ. In
particular, the simple relations among the semilep-
tonic decay form factors given above are somewhat
modified. 7,23,10 Measurements of the kinematic
distributions in semileptonic decay provide an im-
portant check of these HQET-based predictions.
For b→ uℓ−ν¯ decays, HQET is not directly appli-
cable, but lattice QCD calculations are beginning
to produce useful predictions.
3.2 Exclusive Semileptonic B Decays
Many new results were reported at this conference
on B¯ → Dℓ−ν¯ and B¯ → D∗ℓ−ν¯, which account
for roughly two-thirds of the inclusive semileptonic
rate, and on B¯ → D∗∗ℓ−ν¯, where D∗∗ indicates
an orbitally excited charm meson. Improvements
in B¯ → Dℓ−ν measurements have come rather
slowly, partly because B¯ → Dℓ−ν has a substan-
tial feed-down background from B¯ → D∗ℓ−ν. But
experimenters have also focused more on B¯ →
D∗ℓ−ν because it is the preferred mode for mea-
suring |Vcb|. In B¯ → D∗ℓ−ν¯, there are no leading
order (1/mQ) power corrections to the form fac-
tor normalization at high q2 (Luke’s theorem 24),
where the |Vcb| measurement is performed. This
result does not hold for B¯ → Dℓ−ν¯, which has a
further (but related) problem: its rate is highly
suppressed at high q2 by the kinematic factor p3D,
which arises from the p-wave nature of this de-
cay. Nevertheless, it is very important for test-
ing HQET to study the form factor shape for
B¯ → Dℓ−ν¯ and to compare it with the form fac-
tor shapes in B¯ → D∗ℓ−ν¯. Measurements of both
B¯ → Dℓ−ν¯ and B¯ → D∗ℓ−ν¯ also provide informa-
tion that can be used to test whether factorization
is a good description of the modes B¯ → D(∗)h,
where h is a hadron.
Three recent measurements, two from CLEO
II 25 and one from ALEPH 26, have significantly
improved the situation for B¯0 → D+ℓ−ν¯. This
mode typically has less background than B− →
D0ℓ−ν¯, since all D∗0 and about 70% of D∗+ de-
cays produce D0 background. One of the CLEO
analyses uses a novel “neutrino reconstruction”
technique, which relies on the near hermiticity
of the detector. (This method was also used in
the CLEO II measurements 27 of B¯ → πℓ−ν¯ and
B¯ → ρℓ−ν¯.) The four-momentum of the neutrino
is determined from the missing momentum vec-
tor of the event; once this quantity is obtained, a
beam-energy constrained B mass peak is recon-
structed, just as for a hadronic decay analysis.
Although this idea may not seem new in itself,
the real advance lies in the method for obtaining
good resolution on the neutrino momentum. The
main idea is to restrict the sample to BB¯ events
in which there is only one semileptonic decay (by
requiring no additional leptons) and no KL’s (by
requiring a small missing mass in the event). To-
gether, these and other requirements lead to a res-
olution on the neutrino energy in signal events of
about 110 MeV. Figure 3 shows the background-
subtracted distribution of M(D+ℓ−ν¯miss), where
νmiss refers to the neutrino as reconstructed from
the missing momentum vector. The signal con-
tains 238± 27 events. An alternative CLEO anal-
ysis, which uses the more traditional approach of
analyzing the missing mass recoiling against the
D+ℓ− system, obtains a much higher yield at the
expense of more background. The average of the
branching fractions from these two analyses is pre-
sented in Fig. 4. The table also includes earlier
results from ARGUS 28 and the new measurement
from ALEPH 26, which has a signal of 266 ± 24
events. The branching fractions reported by the
experiments assume D+ branching fractions from
the 1994 Particle Data Book 29. I have com-
puted two averages, one from those values and
a second using values updated to reflect the new
D0 → K−π+ branching fraction presented in this
paper.
Figure 5 shows the measured values of the
quantity F (w)Vcb as a function of w for the two
CLEO analyses. The quantity F (w)Vcb is only a
part of the decay amplitude: the w dependence
due to p-wave kinematics has been factored out,
allowing us to see the form factor itself. It is ap-
5
Figure 3: CLEO II measurement of B(B¯0 → D+ℓ−ν¯) us-
ing “neutrino reconstruction.” The points with error bars
are the background-subtracted distribution of M(Dℓ−ν¯),
where the neutrino four-momentum is estimated from the
missing momentum in the event.
(2.0±0.7±0.6)%ARGUS
(1.78±0.20±0.24)%CLEO II
(2.41±0.21±0.44)%ALEPH
(1.96±0.27)%Average
Figure 4: Summary of measurements of the branching frac-
tion for B¯0 → D+ℓ−ν. In the values listed, the nor-
malization is based on the 1994 PDG value for B(D0 →
K−π+), which sets the scale for D+ branching fractions.
Updating the measurements to reflect the new value for
B(D0 → K−π+) used in this paper, one obtains B(B¯0 →
D+ℓ−ν) = (2.03 ± 0.28)%.
parent from Fig. 5 that the dependence of the form
factor on w is mild, and it is well described by a lin-
ear function of slope ρ2. The CLEO II25 measure-
ments give ρ2 = 0.64±0.18±0.10, while ALEPH26
obtains ρ2 = 0.00 ± 0.49 ± 0.38. (Both results
are preliminary.) The figure also shows the linear
function extracted from the CLEO B¯ → D∗ℓ−ν
data, whose slope is consistent with that from
B¯ → Dℓ−ν. Below I will present a systematic
comparison of the various measurements of the
form factor slopes.
What measurements allow us to test the pre-
dictions of HQET? With data from semileptonic
decay, there are essentially two approaches: (1)
comparison of the different form factors governing
B¯ → D∗ℓ−ν with each other and (2) comparison
of B¯ → Dℓ−ν with B¯ → D∗ℓ−ν. Figure 6 shows
the decay angles that, together with q2, are used
in the CLEO II measurement of the B¯ → D∗ℓ−ν
form factors. 30,31 The form factors are measured
by performing a joint, four-dimensional maximum
Figure 5: CLEO II measurement of the function VcbF (w)
for B¯0 → D+ℓ−ν. The points and asterisks represent the
data from the neutrino-reconstruction and missing-mass
methods, respectively. The solid line is the average of the
form factor slopes from these two methods, and the dot-
ted line has the slope ρˆ2 as obtained from the CLEO II
measurement of |Vcb| using B¯ → D
∗ℓ−ν.
likelihood fit to these variables. The analysis is
performed in two modes, B¯0 → D∗+ℓ−ν, which is
fairly clean (779 ± 42 signal events over 161 ± 28
background events), and B− → D∗0ℓ−ν, which is
somewhat more difficult (417 ± 33 signal events
over a background of 270± 21 events).
ν pi
χ
D
θVW D*
B
θl
l
z
Figure 6: Decay angles used in the CLEO II measurement
of the B¯ → D∗ℓ−ν form factors. The angle θℓ is measured
in the W rest frame, while θV is measured in the D
∗ rest
frame. The azimuthal angle χ is measured between the W
and D∗ decay planes.
Figure 7 shows some of the fit projections for
the combined B¯ → D∗ℓ−ν modes. The two upper
histograms compare the distributions of cos θV in
the lower and upper half of the q2 range. Although
acceptance effects, which are taken into account in
the fit, gradually reduce the efficiency as cos θV in-
creases, it is apparent that in the lower q2 range
there is a strong forward-backward-peaking com-
ponent. At low q2, the lepton and antineutrino
become collinear, with zero net spin along their
common direction, forcing the D∗ also to have
6
zero helicity. This effect produces a distribution
dN/d cos θV ∝ cos2 θV . In contrast, at very high
q2, the D∗ is nearly at rest and unpolarized, pro-
ducing a cos θV distribution that is uniform, apart
from acceptance effects. The lower two histograms
show distributions of the azimuthal angle χ for the
lower and upper range of cos θV . The correlation
between these histograms arises from a quantum
interference term proportional to the difference be-
tween negative and positive helicity amplitudes,
multiplied by the zero helicity amplitude. The
upward slope of the first histogram (c) and the
downward slope of the second histogram (d) are
allowed by (V −A)(V −A) or (V +A)(V +A), but
this correlation is forbidden by a mixed coupling
(V ∓A)(V ±A).
Figure 7: Distributions of cos θV and χ in the CLEO II
measurement of the B¯ → D∗ℓ−ν form factors. The his-
tograms show (a) cos θV for the lower half of the q
2 range,
(b) cos θV for the upper half of the q
2 range, (c) χ for the
lower half of the cos θV range, and (d) χ for the upper half
of the cos θV range. The points with error bars are the
data; the solid histogram is the fit, including backgrounds;
and the dashed line is the contribution from backgrounds.
The interpretation of these histograms is discussed in the
text.
In the framework of HQET, it is useful to con-
struct quantities that have simple behavior in the
heavy-quark symmetry limit. It is conventional to
define 7 the form-factor ratios
R1(w) ≡
[
1− q
2
(mB +mD∗)2
]
V (q2)
A1(q2)
R2(w) ≡
[
1− q
2
(mB +mD∗)2
]
A2(q
2)
A1(q2)
(5)
and the HQET version of the A1 form factor,
called hA1 :
hA1(w) =
2
√
mBmD∗
(mB +mD∗)
A1(q
2)[
1− q2(mB+mD∗ )2
] . (6)
(The A1 form factor is singled out because it con-
tributes to all three helicity amplitudes and dom-
inates the rate at high q2.) In the heavy-quark
symmetry limit, R1(w) → 1 and R2(w) → 1, and
hA1(w) → ξ(w), as can be seen from Eq. 4. The
fit determines R1(w = 1) and R2(w = 1), as well
as the dimensionless form factor slope ρ2A1 of hA1 .
(Since the true form of hA1(w) is not known, sev-
eral different functions are tried in addition to a
simple linear function with slope ρ2A1 . The details
of these alternative fits are discussed in the refer-
ences.30,31) Table 2 compares the measured values
for R1(1) and R2(1) obtained from the combined
fit to B¯0 → D∗+ℓ−ν and B− → D∗0ℓ−ν with
theoretical predictions from Neubert, 7 Close and
Wambach, 23 and the ISGW2 model. 32 Within
errors, the measurements are in good agreement
with the predictions, and they follow the expected
pattern R1(1) > 1 and R2(1) < 1. (CLEO has
published the fit results for B¯0 → D∗+ℓ−ν only;
the values in Table 2 are obtained from a combined
fit to both B¯0 → D∗+ℓ−ν and B− → D∗0ℓ−ν.
These results are preliminary and are described in
a paper submitted to this conference.)
The slope ρ2A1 describes nonperturbative QCD
physics and can only be calculated with methods
such as lattice QCD or QCD sum rules, with typ-
ical values ranging from 0.5 to 1.0. It is closely re-
lated to another parameter, ρˆ2, which is extracted
together with |Vcb| in studies of B¯ → D∗ℓ−ν. Such
analyses, which use only the q2 distribution, have
been performed by ARGUS, CLEO, and the LEP
experiments. Because the three form factors can-
not be separated using the q2 distribution only, ρˆ2
is the slope of a function F(w) that has compli-
cated dependence on all three form factors. Neu-
bert gives the relation 33 ρˆ2 = ρ2A1 − f(R1, R2),
where the function f(R1, R2) ≈ 0.2 for the values
of R1 and R2 quoted above.
Figure 8 lists the form factor slopes for both
B¯ → Dℓ−ν and B¯ → D∗ℓ−ν. The first measure-
ment is ρ2A1 from the CLEO II four-dimensional
7
Table 2: CLEO II measurements of form factor ratios for
B¯ → D∗ℓ−ν and comparison with theoretical predictions.
The CLEO results are based on a combined fit to both
B¯0 → D∗+ℓ−ν and B− → D∗0ℓ−ν and are preliminary.
R1(w = 1) R2(w = 1)
CLEO II 1.24± 0.26± 0.12 0.72± 0.18± 0.07
Neubert 1.3± 0.1 0.8± 0.2
Close & 1.15 0.91
Wambach
ISGW2 1.27 1.01
fit to the B¯ → D∗ℓ−ν kinematic distributions 31;
the second group of measurements is ρˆ2 from the
q2 distribution of B¯ → D∗ℓ−ν; and the third
group is the slope of the form factor for B¯ →
Dℓ−ν. The average value of the second group,
which consists of measurements from CLEO, 34
ARGUS, 35 ALEPH, 26 DELPHI, 36 and OPAL 37)
is ρˆ2 = 0.75±0.11, where the slightly inflated error
takes into account the somewhat poor agreement
among the measurements. As expected, this value
is slightly lower than ρ2A1 , although the uncertain-
ties are still too large to draw a strong conclu-
sion. Furthermore, the slope for B¯ → Dℓ−ν is
consistent with those measured for B¯ → D∗ℓ−ν,
although here again improvements in the uncer-
tainties are very desirable.
0.92±0.12±0.06CLEO II A1
0.84±0.12±0.08CLEO II
1.17±0.22±0.06ARGUS
0.29±0.18±0.12ALEPH
0.75±0.17±0.10DELPHI
0.44±0.24±0.00OPAL
0.75±0.11Average D*
0.64±0.18±0.10CLEO II
0.00±0.49±0.38ALEPH
0.58±0.20Average D
Figure 8: Measurements of form factor slopes in B¯ →
D∗ℓ−ν and B¯ → Dℓ−ν. The top measurement is ρ2
A1
from the CLEO II four-dimensional fit to B¯ → D∗ℓ−ν.
Below it are measurements of ρˆ2 from B¯ → D∗ℓ−ν, which
are expected to be slightly lower than ρ2A1 . The vertical
dotted line corresponds to the average value of ρˆ2. The
bottom group (CLEO II, ALEPH) is the slope measured in
B¯ → Dℓ−ν.
In summary, we can say that R1(1) and R2(1)
are quite consistent with HQET predictions (they
Table 3: Measurements of B¯ → D∗∗ℓ−ν modes. The re-
sults marked with an asterisk∗ were submitted to this con-
ference and are preliminary. The ALEPH D1ℓ−ν¯ measure-
ment is an average over D+
1
ℓ−ν¯ and D0
1
ℓ−ν¯.
Expt B(B− → D01ℓ
−ν¯) B(B− → D∗02 ℓ
−ν¯)
OPAL (2.02± 0.51± 0.47)% (0.88± 0.35± 0.18)%
ALEPH∗ (0.74± 0.16)% < 1% (95% C.L.)
CLEO II∗ (0.49± 0.13± 0.06)% < 1% (95% C.L.)
are actually consistent with the heavy quark sym-
metry limit R1 = R2 = 1 itself), as are the rel-
ative sizes of form factor slopes for B¯ → Dℓ−ν
and B¯ → D∗ℓ−ν. With larger data samples, we
can expect substantial improvements in these mea-
surements.
Large values of ρ2A1 (or ρˆ
2) have an interesting
consequence: the rates for B¯ → Dℓ−ν and B¯ →
D∗ℓ−ν fall off faster with increasing recoil velocity,
and the rates for B¯ → D∗∗ℓ−ν modes increase.
For example, Dunietz gives the prediction 38
B(B¯ → D∗∗ℓ−ν¯)
B(B¯ → Xcℓ−ν¯)
≈ 2(ρ2 − 1
4
)(0.08± 0.04). (7)
New measurements of both B(B¯ → D1ℓ−ν¯) and
B(B¯ → D∗2ℓ−ν¯) were submitted to this conference
by ALEPH 39 and CLEO. 40 Some of the results
are listed in Table 3, along with earlier results from
OPAL. 41 In general, such measurements make as-
sumptions regarding D1 and D
∗
2 branching frac-
tions and the absence of additional particles pro-
duced in the B decay, so some caution is advisable
in interpreting the results.
3.3 Inclusive Semileptonic Branching Fraction
The inclusive semileptonic branching fraction is
defined as
BSL =
Γ(B¯ → Xe−ν¯e)∑
ℓ Γ(B¯ → Xℓ−ν¯) + ΓHad + ΓRare
, (8)
where ΓHad and ΓRare are the partial widths to
hadronic and rare final states. Most measurements
of BSL do not actually determine the b hadron
species, because only the lepton is identified to
keep the detection efficiency as high as possible.
Thus, most measurements of BSL at the Υ(4S) are
an average over the B¯0 and B− (with the notable
exception of a new CLEO42 measurement submit-
ted to this conference, which determines the value
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of BSL for B¯
0 mesons). At the Z, the Bs and b
baryons are included in the samples as well. Since
b baryon lifetimes are typically shorter than those
of B mesons, and it is reasonable to assume that
the semileptonic rates are very similar, we expect
the average b hadron semileptonic branching frac-
tion measured at the Z to be slightly lower than
that measured at the Υ(4S). As a reminder of this
small difference, I will use the symbol BZSL to refer
to measurements performed at the Z.
Precise measurements of BSL allow us to
determine the fraction of exclusive semileptonic
modes that have been identified. For the pur-
pose of comparing the inclusive with the sum of
exclusive semileptonic B branching fractions, I
compute an average value of BSL using the two
measurements at the Υ(4S) that are based on
the dilepton method, which has very little model
dependence. Averaging the measurements from
CLEO, 43 BSL = (10.49± 0.17± 0.43)%, and AR-
GUS, 44 BSL = (9.7± 0.5± 0.4)%, I obtain
BSL = (10.23± 0.39)%. (9)
For comparison, I also compute the average
value of BZSL, which is the semileptonic branch-
ing fraction for the b-hadron mixture produced in
Z decays. I use measurements from ALEPH 45
[(11.01±0.23±0.28±0.11)%], DELPHI46 [(11.06±
0.39±0.19±0.12)%], L347 [(10.85±0.12±0.43)%],
and OPAL 48 [(10.5± 0.6± 0.4±0.3)%], where the
L3 value is a new result submitted to this confer-
ence, and the ALEPH result has the lesser model
dependence of the two measurements presented in
their paper. I assume a common systematic er-
ror of 0.25% (absolute). The resulting average,
BZSL = (10.95± 0.13± 0.29)%, is somewhat lower
than previous values of BZSL, and it is more consis-
tent with the value of BSL measured at the Υ(4S).
To obtain averages of exclusive branching frac-
tions from different experiments, it is important to
use a common set of values for D and D∗ branch-
ing fractions and, in the case of the LEP exper-
iments, for Rb = Γ(Z → bb¯)/Γ(Z → hadrons)
and fb→B, the fraction of b quarks that hadronize
into a B− or B0 meson. 26 Table 4 lists the val-
ues that I have assumed for these quantities. The
D0 → K−π+ branching fraction is the average
that I calculate below, while the D+ → K−π+π+
branching fraction has been scaled to take into ac-
count its experimental dependence on the D0 →
Table 4: Assumed values for quantites used to calculate
averages of semileptonic branching fractions.
B(D0 → K−π+) (3.88± 0.10)%
B(D+ → K−π+π+) (8.8± 0.6)%
B(D∗+ → D0π+) (68.1± 1.6)%
fb→B (LEP) (37.8± 2.2)%
Rb (LEP) (22.09± 0.21)%
K−π+ value. The D∗+ → D0π+ branching frac-
tion is taken from the 1994 Particle Data Book, 29
but I have corrected the error, which was listed
incorrectly in that reference.
Table 5 summarizes the status of semileptonic
branching fractions. For B¯ → D∗ℓ−ν, I com-
pute a world average based on measurements at
the Υ(4S) (CLEO 34 and ARGUS 35,49) and at
the Z (ALEPH 26, DELPHI 36, OPAL 37). For
the semileptonic branching fraction to b → cℓ−ν¯
modes other than B¯ → Dℓ−ν and B¯ → D∗ℓ−ν,
I use a measurement from ALEPH based on a
topological vertex study. 39 This measurement de-
termines B(b → B¯) × B(B¯ → D∗+π−ℓ−ν¯X) =
(4.73 ± 0.77 ± 0.55) × 10−3, as well as analogous
branching fractions for final states with D∗0π+,
D+π−, and D0π+. Combining all of these re-
sults, ALEPH obtains B(B¯ → DπXℓ−ν¯ + B¯ →
D∗πXℓ−ν¯), where both resonant and nonresonant
hadronic final states are included and B¯ → Dℓ−ν
and B¯ → D∗ℓ−ν are excluded. (I have rescaled
their result using the new D0 → K−π+ branch-
ing fraction.) For b → uℓ−ν¯, I have made a
rough estimate (with 50% uncertainty) based on
the value of |Vub| and the free quark model predic-
tion. 50 The sum of all these branching fractions is
(9.38±0.65)%, about 1.2σ lower than the inclusive
semileptonic branching fraction. This comparison
shows that a fairly large fraction of the semilep-
tonic rate is accounted for. It is clear, however, the
much work remains in improving the precision of
the branching fraction measurements and, in par-
ticular, obtaining a detailed understanding of the
B¯ → D∗∗ℓ−ν modes and modes with non-resonant
final states.
The semileptonic branching fraction is also of
great interest because it tests our understanding of
the hadronic rate. Although there are significant
theoretical uncertainties due to quark masses and
the renormalization scale, important progress has
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Table 5: Contributions to the B meson inclusive semilep-
tonic branching fraction.
Mode Bi(%)
B¯0 → D+ℓ−ν 2.03± 0.28
B¯0 → D∗+ℓ−ν 4.86± 0.29
[(B¯ → DπXℓ−ν¯) 2.34± 0.45
+(B¯ → D∗πXℓ−ν¯)]
B¯ → Xuℓ−ν¯ 0.15± 0.075
ΣBi 9.38± 0.65
BSL(4S) 10.23± 0.39
BSL(4S)− ΣBi 0.85± 0.76
been made. The semileptonic branching fraction
could also be sensitive to an anomalously large
rate for b→ sg, which has been suggested by some
theorists 51.
Historically, most predictions of BSL have
been larger than the values measured at the
Υ(4S). Recent calculations performed within the
framework of 1/mQ expansions have focused at-
tention on this issue. For example, Bigi et al.‘52
have concluded that it is very difficult to ob-
tain a prediction for BSL below 12.5%. Vari-
ous aspects of the problem have now been scru-
tinized in more detail, and Bagan et al. 53,54 and
Voloshin 55 have shown that higher order pertur-
bative QCD corrections significantly increase the
rate for b → cc¯s, thereby decreasing BSL. To
test this idea, one can measure nc, the average
number of charm (or anti-charm) quarks per B
decay. Thus, what was originally posed as the
problem of the semileptonic branching fraction is
now regarded as the joint problem of BSL and nc.
Bagan et al. 54 obtain BSL = (12.0 ± 0.7 ± 0.5 ±
0.2+0.9−1.2)%, where the errors are due to uncertain-
ties in mb, αs, the b-quark kinetic energy parame-
ter λ1, and the renormalization scale. In an alter-
native scheme with MS quark masses, they obtain
B¯SL = (11.3±0.6±0.7±0.2+0.9−1.7)%. They also pre-
dict nc = 1.24±0.05±0.01, where the first error is
due to the uncertainty in mb. The alternative MS
calculation gives nc = 1.30± 0.03± 0.03± 0.01.
Experimentally, the quantity nc is difficult to
determine because one must identify and measure
all final states in B decay that contain one or more
charm quarks. Inclusive production of D0, D+,
Ds, and J/ψ is relatively easy to measure, but
the contributions from other charmonium states
Figure 9: Comparison of nc vs. BSL for measurements at
the Υ(4S) and the Z with theoretical prediction.
and from charm baryons are more difficult to de-
termine. To compare results from different exper-
iments, it is important to use a common set of
charm branching fractions. I have updated the
relevant CLEO II and ARGUS B branching frac-
tions, which are listed in Browder et al. 6, to re-
flect the charm branching fractions used in this
article. In summing the B branching fractions, I
take into account the correlated systematic error
arising from common charm branching fractions. I
have applied the same procedure to new data from
the ALEPH experiment. 56 The values are
nc(4S) = 1.12± 0.05 nZc = 1.22± 0.08, (10)
where nZc refers to the ALEPH measurement and
is a reminder that the b hadron content at the
Z is more complicated than at the Υ(4S). (This
is seen, for example, in a significantly higher D+s
contribution at the Z than at the Υ(4S).) The
error on the ALEPH measurement is larger than
they report because I use the newer D+s → φπ+
branching fraction discussed later in this paper.
OPAL 57 has reported the value nZc = 1.100 ±
0.045 ± 0.060, which I have not updated to the
new D0 and D+s branching fractions.
Figure 9 compares the points (BSL,nc(4S))
and (BZSL, n
Z
c ) with the theoretical summary given
in Buchalla et al.58. My view is that, given the size
of the present experimental and theoretical uncer-
tainties, we cannot state that there is or is not a
problem in explaining the measured value of BSL.
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There have already been substantial refinements
in both experimental and theoretical analyses of
this question, and it is important to continue these
studies until the issue is resolved.
4 Hadronic Decays of Charm and Bottom
Mesons
4.1 Normalization modes for the D0 and D+s
The branching fractions for the decays D0 →
K−π+ and D+s → φπ+ are crucial for many mea-
surements in charm and bottom physics, since
they ultimately determine the absolute branch-
ing fraction scales. A new high-precision measure-
ment ofD0 → K−π+ from ALEPH was submitted
to this conference. 59 The key to this analysis, like
those of earlier measurements from the HRS, 60
ARGUS, 61 and CLEO, 62 is to tag D∗+ → D0π+
without using the D0 decay products. The tag is
based on the fact that the energy release in the
D∗+ decay is extremely low, about 6 MeV. In the
D∗+ rest frame, the resulting “soft pion” has mo-
mentum p∗π ≈ 40 MeV/c, which limits its trans-
verse momentum relative to the D∗+ direction in
the lab frame. This low pT pion provides a dis-
tinctive signature for the D∗+ decay. Since the pT
measurement must be performed without recon-
structing the full D∗+ decay chain, the D∗+ direc-
tion is approximated by the jet axis. To determine
B(D0 → K−π+), one then measures the fraction
of such tags in which the decay D0 → K−π+ is
found. A key part of this measurement is to accu-
rately determine the background shape in pT that
arises from soft pions due to other sources. Fig-
ure 10 shows the ALEPH p2T distributions, which
have peaks at the low end due to D∗+ → D0π+.
Figure 11 summarizes the status of D0 →
K−π+ measurements. The new preliminary re-
sult from ALEPH is somewhat more precise than
the CLEO II measurement, and the two values
are quite consistent. The average of all the mea-
surements is B(D0 → K−π+) = (3.88 ± 0.10)%,
which I use in several places in this paper. Re-
cently, Dunietz 38 has argued that a lower value of
this branching fraction is indicated by a number
of problems in B physics. This conclusion is not
supported by the new ALEPH result, but it is ex-
tremely important that the D0 → K−π+ branch-
ing fraction be checked by other experiments.
Measurements ofB(D+s → φπ+) are much less
10 4
10 5
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Figure 10: ALEPH measurement of B(D0 → K−π+). The
data points show the distribution of transverse momentum
squared of hadrons, relative to the axis of the nearest jet,
in six pion momentum bins from 1 GeV/c at the top to
4 GeV/c at the bottom. The peaks at the low end of
the distributions are due to the soft pion from the decay
D∗+ → D0π+. The figure in the upper-right corner shows
the background-subtracted p2
T
distribution after the data
from all six pion momentum bins are combined.
precise. The 1994 version of the Particle Data
Book 29 lists B(D+s → φπ+) = (3.5± 0.4)%. How-
ever, this value is based mainly on measurements
of Γ(D+s → φπ+)/Γ(D+s → φℓ+ν). The scale is
then set by assuming that Γ(D+s → φℓ+ν) and
Γ(D → K∗ℓ+ν) are equal, up to a small theoreti-
cal correction. The new CLEO II measurement 63
of the absolute branching fraction avoids any theo-
retical assumptions. In this measurement, the de-
cay B¯0 → D∗+D∗−s is reconstructed in two ways:
(1) the D∗−s is fully reconstructed and the D
∗+
is partially reconstructed using the soft pion from
(4.3±1.0)%MARK I
(4.1±0.6)%MARK II
(4.2±0.4±0.4)%MARK III
(4.5±0.8±0.5)%HRS
(4.5±0.6±0.4)%ARGUS
(3.91±0.08±0.17)%CLEO II
(3.41±0.12±0.28)%ARGUS
(3.90±0.09±0.12)%ALEPH
(3.88±0.10)%Average
Figure 11: Summary of measurements of B(D0 → K−π+).
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D∗+ → D0π+, and (2) the D∗+ is fully recon-
structed and the D∗−s is partially reconstructed
using the soft photon from D∗−s → D−s γ. CLEO
obtains B(D+s → φπ+)/B(D0 → K−π+) = 0.92±
0.20±0.11, which is the basis for the 1996 Particle
Data Book15 value B(D+s → φπ+) = (3.6±0.9)%.
The quoted uncertainty is significantly larger than
before, but no theoretical assumptions are made.
4.2 Hadronic B Decays and Factorization
Hadronic decays are much more complicated than
leptonic or semileptonic modes, because all of
the fermions involved are quarks and can inter-
act strongly. Although it is not possible to make
precise predictions for hadronic decays, the factor-
ization hypothesis provides a framework for un-
derstanding many of the observed features of two-
body modes. In the factorization approach, one
writes the decay amplitude as the product of two
currents, in analogy to semileptonic decay. Fac-
torization was discussed extensively at this confer-
ence by several experimentalists, 64,65,66 and these
talks led to considerable discussion regarding the
applicability and reliability of factorization in var-
ious decay processes. Here, I will only give an
introduction to some of the experimental results
related to this complex topic.
Figure 12 shows the hadronic decay of a B
meson through (a) an external spectator diagram
and (b) an internal (color suppressed) spectator
diagram. In the factorization approach, the ef-
fects of strong interactions are divided into two
categories: (1) short-distance, hard-gluon effects
parametrized by the coefficient a1 for the ex-
ternal diagram and a2 for the internal diagram
and (2) long-distance, soft-gluon effects, which are
parametrized by decay constants and form factors.
In Fig. 12(a) the u¯d system from the W decay is
produced at a point, so that the appropriate meson
decay constant, which measures the overlap of the
quark anti-quark pair, parametrizes the amplitude
to produce the meson. To be definite, we take this
meson to be a pion. The daughter charm quark re-
coiling at the lower W vertex, however, must bind
together with the spectator quark. The physics of
this process is very similar to the hadronic transi-
tion in semileptonic decay discussed earlier, and it
is described by the appropriate form factor evalu-
ated at q2 = m2π. Thus, for the external specta-
tor diagram example, the non-perturbative QCD
q
q
b
b
q
q
c
u
d
F
f
pi
u
d
Df
2 2(q  =m  )
2
pi
2(q  =m  )
c
D
(b) Internal Spectator
(a) External Spectator
a2
a1 H
F
L
Figure 12: Spectator diagrams for B decays with (a) an
external W and (b) an internal W . The QCD hard-gluon
corrections are parametrized by the coefficients a1 and a2,
while nonperturbative effects are described, in our B → Dπ
example, by the decay constant fπ or fD and the form
factor FH(q
2 = m2π) or FL(q
2 = m2
D
).
physics is described by the pion decay constant
fπ and a “heavy-to-heavy” (B → Xc) form factor
FH(q
2 = m2π).
For a1-type decays with large daughter-
hadron recoil velocity (i.e., decays at low q2),
one might expect factorization to be a good ap-
proximation from the following argument, due to
Bjorken. 67 The qq¯ pair produced in the W decay
is formed at a point as a color singlet, and, for
low q2 processes, the pair moves out of the decay-
ing hadron at high velocity in a collinear fashion.
Thus, the pair looks like a very small color dipole
that gradually grows to the size of a meson. The
pair will not form a meson, however, until it moves
a distance ≈ γcτh, where τh is a typical hadroniza-
tion time in the rest frame, τh ∼ 1 fm/c. This dis-
tance can be as large as 20 fm, much larger than
the decaying meson, so that the pair can escape
from the cloud of quarks and gluons without sig-
nificantly interacting with it.
Consider now the internal spectator diagram,
shown in Fig. 12. Because the W has such a short
range compared with the size of a hadron, the c
and the u¯ are still effectively produced at the same
point, and the relevant decay constant is fD in-
stead of fπ. It is the daughter d quark that now
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must bind with the spectator, so there is now a
“heavy-to-light” (B → Xu) form factor, which I
denote by FL(q
2 = m2D).
For a B¯0 decay, the external and in-
ternal diagrams lead to different final states
(charged+charged and neutral+neutral), whereas
in B− decay two u¯ quarks are present in the final
state, which means that the same charged+neutral
final state can be reached in two ways. Thus, we
have the pattern
B¯0(bd¯) → chg + chg : Γ ∝ |a1fπFH |2
B¯0(bd¯) → neut + neut : Γ ∝ |a2fDFL|2
B−(bu¯) → chg + neut :
Γ ∝ |a1fπFH + a2fDFL|2 (11)
Using measured branching fractions for
hadronic B decays, one can extract the coefficients
a1 and a2 arising from hard gluon effects. This
procedure requires knowledge of both decay con-
stants and form factors. As discussed earlier, our
knowledge of these quantities is far from perfect,
especially in the case of the form factors for heavy-
to-light transitions. Compared with the state of
our understanding of hadronic decays, however,
form factor predictions might be regarded as rea-
sonably trustworthy, but it is important to remem-
ber that there is more uncertainty in calculations
made within the factorization framework than is
often acknowledged.
One approach to testing factorization is to
compare the decay rate for a hadronic mode with
the rate at the same value of q2 for a semileptonic
decay. For B → D(∗)P decays, where P is a pseu-
doscalar meson, one can define 68 the ratio
R
(∗)
P =
Γ(B¯ → D(∗)P )
dΓ(B¯ → D(∗)ℓ−ν¯)/dq2|q2=m2
P
= 6π2f2P a
2
1|Vij |2X(∗)P (q2 = m2P ), (12)
where X
(∗)
P is the ratio of form factors for the
hadronic to the semileptonic decay. (This ra-
tio is defined in Neubert et al.68 In most cases,
X
(∗)
P is approximately equal to one. However, the
semileptonic decay form factor that becomes im-
portant only for large lepton mass is the one that
enters into the hadronic decay, so there can be
some subtleties here.)
The upper line of Eq. 12 can be evaluated
from experiment, while the lower line can be cal-
culated from theory, the comparison giving a test
Table 6: Values of a1 extracted from a comparison of
hadronic and semileptonic B decays. The consistency of
these values is an indication of whether factorization pro-
vides a good description of the hadronic decays.
Mode a1
B¯0 → D+π− 0.92± 0.10
B¯0 → D+ρ− 0.97± 0.13
B¯0 → D∗+π− 0.96± 0.10
B¯0 → D∗+ρ− 0.92± 0.12
B¯0 → D∗+a−1 1.1± 0.13
B¯0 → D(∗)+D(∗)−s 1.24± 0.40
of whether factorization is valid. The constant a1
can be calculated from QCD: a1 = c1+c2/3 ≈ 1.0,
where c1 and c2 are calculated using the renormal-
ization group equation. However, I prefer to use
Eq. 12 to extract a1 for different decay modes and
then to check whether the resulting values are con-
sistent.
Table 6 shows the values of a1 for a set
of B¯0 decay modes that can be compared with
B¯0 → D+ℓ−ν and B¯0 → D∗+ℓ−ν. The agree-
ment among these values is reasonably good, in-
dicating that at the low values of q2 (fast recoil)
at which these hadronic decays occur, factoriza-
tion provides a good description of the process.
The data for the comparison with B¯ → Dℓ−ν are
taken from the CLEO 25, while the B¯ → D∗ℓ−ν
comparison is made using combined CLEO and
ARGUS data compiled in Browder et al. 6. The
data for the B¯0 → D(∗)+D(∗)−s are from CLEO 69
and assume fDs = fD∗s .
Another interesting test of factorization is to
compare the polarization of theD∗ in the hadronic
decay B¯0 → D∗+ρ− with that in the semilep-
tonic decay B¯0 → D∗+ℓ−ν, when measured at
the same value of q2. In a semileptonic decay
at low q2, the lepton and antineutrino are nearly
collinear, so their net spin along their direction
of motion is zero. Since the B has spin zero,
the recoiling meson must also have helicity zero.
In the factorization picture, the quark-antiquark
pair from the W would behave like the lepton-
antineutrino system, so that the ρ− (or D∗+) is
expected to be almost completely longitudinally
polarized. The new CLEO II measurement 31 of
the B¯ → D∗ℓ−ν form factors gives (ΓL/Γ)q2=m2ρ =
(91 ± 1.3 ± 0.6)%. For B¯0 → D∗+ρ−, CLEO ob-
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tains70 ΓL/Γ = (93±5±5)%, a very similar value.
We can also compare the decay rates for B¯0 →
D∗+ρ− and B¯0 → D+ρ−. One might expect the
rate for the to D∗+ρ− to be larger, because there
are more spin states accessible. However, factor-
ization predicts that the rates should be about the
same, since the D∗+ polarization is almost com-
pletely longitudinal (helicity zero). The PDG96 15
values are B(B¯0 → D∗+ρ−) = (0.73± 0.15)% and
B(B¯0 → D+ρ−) = (0.78 ± 0.14)%, which are in-
deed very similar.
Although factorization is on a less secure foot-
ing for color-suppressed processes, there is great
interest in the ratio a2/a1, whose sign mani-
fests itself in the interference term in B− de-
cays. The magnitude of a2 can also be deter-
mined from color-suppressed B¯0 decays, such as
B¯0 → J/ψK0(∗). Skwarnicki 66 presented new
CLEO II measurements of B(B¯0 → D∗+π−) and
B(B− → D∗0π−) that are based on a novel par-
tial reconstruction technique, resulting in smaller
statistical errors. From the ratio of these branch-
ing fractions, he extracts a2/a1 = +(0.27± 0.03),
which differs substantially from the value in charm
decays, where a2/a1 is negative. As discussed
earlier, the error does not include all theoretical
uncertainties. The long D+ lifetime (relative to
that of the D0 or D+s ) is attributed to the nega-
tive value of a2/a1; the positive value in B decays
would indicate a shorter B+ than B0 lifetime, al-
though the importance of two-body decays (from
which this ratio is obtained) may be less in B de-
cays.
4.3 Rare Hadronic Decays
Experiments are now achieving sensitivities to B
branching fractions in the range 10−4 to 10−5,
opening up new types of processes for study. Here
I will focus on rare decays to hadronic final states;
electromagnetic penguins are covered in the talk
by A. Buras.
Many rare hadronic decays, such as B → ππ
and B → Kπ, can proceed either through a b→ u
spectator diagram or through a gluonic penguin.
In the latter process, a b → d or b → s tran-
sition occurs through a virtual loop containing a
W and either a t or c quark, with the radiation
of a gluon. The theoretical expectation is that
the decays B¯0 → π+π− and B¯0 → π+ρ− are
dominated by the b → u spectator process, while
B¯0 → K−π+ and B¯0 → K∗−π+ are dominated by
b → sg. The gluonic penguins are of interest not
only as one-loop processes, but also because they
can affect studies of CP violation. For example,
the final state in B¯0(B0)→ π+π− is an eigenstate
of the CP operator, and this decay is well suited
to the measurement of sin 2α, where α is one of
the angles of the CKM unitarity triangle. How-
ever, a significant contribution to this mode from
b→ dg would complicate the interpretation of the
CP asymmetry and is sometimes called “penguin
pollution.” Measurements of the relative size of
branching fractions to non-strange and strange fi-
nal states would provide information on the level
of this contamination and are therefore of great
interest for CP violation studies.
A simple argument gives some idea of the pos-
sible level of penguin contamination. Assuming
that the t-quark dominates the loop, the penguin
contribution to B¯0 → π+π− is suppressed relative
to that for B¯0 → K−π+ by |Vtd/Vts|2 = O(λ2),
where λ ≃ 0.22 is the sine of the Cabibbo an-
gle. Furthermore, the spectator contribution to
B¯0 → K−π+ is suppressed relative to that for
B¯0 → π+π− by a factor |Vus/Vud|2 ≃ λ2. Now,
suppose that B(B¯0 → π+π−) ≈ B(B¯0 → K−π+),
as is crudely indicated by experiment. Then our
CKM argument implies that B¯0 → K−π+ must
be mainly penguin, or else the π+π−/K−π+ ratio
would be larger. Furthermore, even if all of the
B¯0 → K−π+ rate were penguin, the (assumed)
near equality of the branching fractions implies
that the penguin contribution to B¯0 → π+π−
must be fairly small, since this contribution is sup-
pressed by λ2 relative to the penguin contribution
to B¯0 → K−π+.
CLEO has updated 71 its original measure-
ment of the sum of rates to π−π+ and K−π+:
B(B¯0 → π−π+ +K−π+)
= (1.8+0.6+0.2−0.5−0.3 ± 0.2)× 10−5. (13)
There are about 17 events in the signal, with a
significance of 4σ to 5σ. Due to the high momen-
tum of the decay products, the π/K separation is
difficult, and the two modes are not clearly distin-
guished. CLEO reports R = Nππ/(Nππ+NKπ) =
0.54+0.19−0.20±0.05. The systematic error on R is rela-
tively small, so it will be possible to substantially
improve the separation between the modes with
additional data.
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Figure 13: DELPHI data on two-body hadronic B decays
to charmless final states. The points with error bars show
the distribution of invariant masses for the data; the his-
togram shows the expectation if there were no charmless B
decays, as predicted from Monte Carlo. The curve repre-
sents the signal shape normalized to the data.
DELPHI and ALEPH both presented new re-
sults on rare b hadron decays. The DELPHI
analysis 72 benefits from good particle identifi-
cation from their ring-imaging Cerenkov detec-
tor (RICH). They observe eight events, of which
five are in the two-prong subsample (π+π− +
K+π−) and three are in the three-prong subsam-
ple (ρπ+K∗π). Within the two-prong subsample,
three events are from K+π−. DELPHI also de-
termines that the Bs contribution to this sample
is relatively small, about 1.3 events. They obtain
B(B0d,s → π+π−,K+π−) = (2.8+1.5−1.0± 0.2)× 10−5,
consistent with CLEO, and
(Bu,d → Kπ,K∗π)
(Bu,d → ππ, ρπ) + (Bu,d → Kπ,K∗π)
= 0.58± 0.18. (14)
Figure 13 shows the invariant mass spectrum
from DELPHI for candidate two- and three-prong
events. ALEPH 73 also presented results from a
search for rare hadronic decays; they find four sig-
nal events and obtain B(B → h+h−) = (1.7+1.0−0.7±
0.2)×10−5, where the initial state can include B0,
Bs, and Λb.
CLEO presented evidence74 for a new rare de-
cay, B+ → ωh+, where h+ = π+ orK+. Figure 14
Figure 14: CLEO II measurement of B− → ωh−. The up-
per histogram shows the distribution of ∆E, the difference
between the total energy of the candidate particles and the
beam energy. The lower histogram shows the distribution
of beam-energy constrained masses. The arrows indicate
the signal regions in these two variables.
shows the distributions of ∆E = Eω+Eh−Ebeam
andM(ωh+) =
√
E2beam − (pωh)2; these variables
have resolutions σ∆E ≈ 30 MeV and σMB ≈
3 MeV. A peak is evident in the M(ωh+) dis-
tribution at the B mass, as is a broad cluster of
events centered around ∆E = 0. The arrows in
the plots indicate the signal region, which con-
tains a total of 10 events with an estimated back-
ground (due to continuum) of 2 events. CLEO
obtains the preliminary result B(B+ → ωh+) =
(2.8± 1.0± 0.6)× 10−5.
Many other results were presented on rare B
decays, including an update on b → sγ branch-
ing fractions from CLEO, 75 limits on b → sγ
and b→ sνν¯ from DELPHI, 72 limits on inclusive
modes sensitive to b→ sg from CLEO, 76 and lim-
its on other hadronic rare decays from CLEO.77,78
The study of rare B decays is at an early stage,
with only handfuls of events observed so far in
exclusive modes. As very large data samples are
accumulated at B factories in the future, we can
expect many new results on these decays.
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5 Lifetimes of b Hadrons
Measurements of B¯0 and B− lifetimes are reaching
an impressive precision, with systematic errors as
small as ±0.02 ps (CDF), and total errors for indi-
vidual measurements as small as ±0.06 ps (DEL-
PHI). There are also substantial improvements in
the lifetime measurements for both the Bs and Λb.
Predictions for the ratios of b-hadron lifetimes
have been made by many theorists. I will make
only a few comments, leaving the detailed theo-
retical discussion to the talk by Martinelli. Using
the heavy-quark expansion, Neubert obtains 10
τ(B−)
τ(B0)
= 1 +O(1/m3b),
τ(Bs)
τ(B0)
= (1.00± 0.01) +O(1/m3b),
τ(Λb)
τ(B0)
≃ 0.98 +O(1/m3b), (15)
where the estimate for τ(Λb)/τ(B
0) includes cor-
rections that arise at order 1/m2b. Although these
ratios might appear very close to unity, Neubert
argues that the 1/m3b corrections to τ(B
−)/τ(B0)
might be large (due to phase-space enhancement of
effects involving the spectator quark), and he con-
cludes that theoretical uncertainties allow a life-
time ratio in the range 0.8 < τ(B−)/τ(B0) < 1.2.
This subject is controversial, and other theorists
have placed tighter contraints on this ratio. For
example, Bigi 9 concludes that the B− lifetime is
definitely longer than the B0 lifetime:
τ(B−)
τ(B0)
≃ 1 + 0.05 · f
2
B
(200 MeV)2
. (16)
There is more consensus on τ(Bs)/τ(B
0), which is
expected to be unity up to corrections of order 1%.
Theoretical estimates for τΛb/τB0 are typically in
the range 0.9 to 1.0.
Lifetime measurements can be grouped into
three broad categories, corresponding to the use of
semileptonic decays, fully reconstructed hadronic
decays, and inclusive methods such as topological
vertexing. The main advantages of using semilep-
tonic decays, such as B¯ → D(∗)ℓ−(X)ν¯, are the
large branching fractions, the presence of the lep-
ton, and good vertex determination. There are,
however, significant disadvantages. Because there
is always at least one missing particle, the neu-
trino, it is generally not possible to reconstruct a
Figure 15: Proper time distribution for the ALEPH mea-
surement of τ(B−) and τ(B0) using semileptonic B decay.
The points with errors show the data for (a) D∗+ℓ− events
and (b) D0ℓ− events, which correspond mainly the B0 and
B− decays. The dashed curves represent the background
contribution, and the solid curves show the total fit.
B mass peak. As a consequence, it can be dif-
ficult to determine whether there are additional
missing particles, especially neutrals. The neu-
trino and other missing particles degrade the B
momentum resolution and hence reduce the preci-
sion of the proper decay time measurement. In ad-
dition, missing charged particles hinder the clean
separation of B¯0 and B− samples. Figure 15 shows
the proper time distributions from ALEPH 79 for
D∗+ℓ− and D0ℓ− samples, which would ideally
correspond to B¯0 and B− decays. In reality, the
D∗+ℓ− sample is (87± 4)% pure, and the D0ℓ− is
(75±5)% pure, so these distributions are fit simul-
taneously. A model is need to account for possi-
ble feed-down contributions from various D∗∗ℓ−ν¯
modes. In spite of these complications, ALEPH
achieves a very good systematic error on these
measurements: τB0 = (1.61± 0.07± 0.04) ps and
τB− = (1.58±0.09±0.04) ps. DELPHI80 reports a
precise preliminary result τ(B0) = (1.529±0.040±
0.041) ps based on a study of B¯0 → D∗+Xℓ−ν¯
decays. Their measurement is based on a novel
method in which the D0 from the D∗+ → D0π+
is inclusively reconstructed, leading to a sample of
3520± 150 decays.
The second method for determining b-
hadron lifetimes uses fully reconstructed, exclu-
16
Figure 16: CDF measurement of τ(B+). The upper
histogram (a) shows the invariant mass distributions for
B+ candidates in the J/ψK+, J/ψK∗+, ψ(2S)K+ and
ψ(2S)K∗+ final states; (b) shows the same distributions
after the cut cτ > 100 µm.
sive hadronic decays, and the analyses are usu-
ally much simpler than those using semileptonic
modes. A b-hadron mass peak is observed, whose
sidebands can be used to study the lifetime dis-
tribtion of the background. Since all particles are
observed, the decay vertex and the b hadron mo-
mentum are well determined, and the conversion
to proper lifetime is very straightforward. The
only disadvantage is that the event samples are
typically smaller than those for semileptonic de-
cay. In hadron colliders, however, a sufficiently
large number of b hadrons is produced for exclu-
sive hadronic decays to final states with J/ψ’s
provide a competitive method for measuring life-
times. Figure 16 shows the reconstructedB+ mass
from CDF81 for the final states J/ψK+, J/ψK∗+,
ψ(2S)K+, and ψ(2S)K∗+. The upper and lower
histogram in the figure show the data before and
after the proper decay length cut cτ > 100 µm.
This cut is not actually used for the lifetime fit, but
it demonstrates that the background is concen-
trated at short proper lifetimes. Figure 17 shows
the distribution of proper decay lengths in the sig-
Figure 17: CDF measurement of τ(B+). The upper his-
togram shows the proper decay length distribution for
events in the B mass peak; the lower histogram shows the
distribution for events in the B mass sidebands.
nal region (upper histogram) and in the B mass
sidebands (lower histogram), together with the fits
to the data. This measurement yields the value
τ(B+) = (1.68 ± 0.07 ± 0.02) ps, and a result of
comparable precision is obtained for the B0 life-
time.
The third method for measuring b hadron life-
times makes use of topological vertexing, in which
the B meson charge is determined from the to-
tal charge of the tracks associated with the decay
vertex. Using this technique, SLD 82 has obtained
6033 charged vertices and 3665 neutral vertices in
a sample of only 150 thousand hadronic Z decays.
Their measurement errors are comparable to those
of many of the LEP and CDF results.
Figures 18 and 19 list the measured B0 and
B− lifetimes and give the world averages com-
puted by the LEP B Lifetime Working Group. 83
Their averages take into account the many sources
of correlated experimental error, such as assumed
fragmentation models, decay models, and branch-
ing fractions. To compare the B0 and B− life-
times, it is best to calculate the lifetime ratio for
each experiment, so that many systematics cancel,
17
and then to compute the average of the individual
lifetime ratios. This average is
τ(B−)/τ(B0) = 1.04± 0.04, (17)
consistent with unity.
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
τ (B0) (ps)
World average 1.55±0.04 ps
SLD topology(93-95) 1.63±0.07±0.06 psnew
SLD vert. + l(93-95) 1.55
+0.13
 -0.12 ±0.09 psnew
OPAL D(*)l(91-93) 1.53±0.12±0.08 ps
DELPHI pisl(91-94 prel.) 1.529±0.040±0.041 psNEW
DELPHI topology(91-93) 1.63±0.14±0.13 ps
DELPHI D(*)l(91-93) 1.61
+0.14
 -0.13 ±0.08 ps
CDF  D(*)l(92-93) 1.54±0.08±0.06 psnew
CDF J/ψ K(92-93) 1.58±0.09±0.02 psnew
ALEPH pi+pi- recon.(91-94) 1.49
+0.17
 -0.15 
+0.08
 -0.06 ps
ALEPH exclusive(91-94) 1.25
+0.15
 -0.13 ±0.05 ps
ALEPH D(*)l(91-94) 1.61±0.07±0.04 ps
Figure 18: Summary of B0 lifetime measurements.
Figure 20 summarizes measurements of the
Bs lifetime. The uncertainties here are generally
much larger than those for B¯0 and B− lifetimes,
due to smaller event samples and larger combi-
natorial backgrounds. Most of the measurements
use the semileptonic decay Bs → D+s Xℓ−ν¯ and
reconstruct the D+s decay in one or more modes,
although some use an inclusive D+s signal or a
D+s with an associated hadron. The average life-
time from measurements based on these modes is
τ(Bs) = 1.53 ± 0.08, consistent with the B0 and
B− lifetimes.
Because the B0s and B¯
0
s can oscillate into one
another, the two mass eigenstates are expected
to differ somewhat in their masses and lifetimes.
Theoretical estimates indicate that the difference
in decay widths may be as large as ∆Γ/Γ = 30%.84
CDF 85 has reconstructed 58± 8 events in the de-
cay Bs → J/ψφ, which is expected to be predom-
inantly CP even, in contrast to the D+s ℓ
−X final
state, which is expected to be an equal mixture
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
τ (B−) (ps)
World average 1.65±0.04 ps
SLD topology
(93-95)
1.69±0.06±0.06 ps
new
SLD vert. + l
(93-95)
1.60+0.12
 -0.11 ±0.06 ps
new
OPAL D(*) l
(91-93)
1.52±0.14±0.09 ps
DELPHI topology
(91-93)
1.72±0.08±0.06 ps
DELPHI D(*) l
(91-93)
1.61±0.16±0.12 ps
CDF  D(*)l
(92-93)
1.56±0.13±0.06 ps
new
CDF J/ψ K
(92-93)
1.68±0.07±0.02 ps
new
ALEPH exclusive
(91-94)
1.58+0.21
 -0.18 
+0.04
 -0.03 ps
ALEPH D(*) l
(91-94)
1.58±0.09±0.04 ps
Figure 19: Summary of B− lifetime measurements.
of CP even and CP odd. The preliminary result,
τ(Bs) = 1.34
+0.23
−0.19 ± 0.05 ps, is not yet sufficiently
precise to address this issue, but future measure-
ments with more data should be extremely inter-
esting. More details on measurements of B0, B−,
and Bs lifetimes may be found in the talk of Claire
Shepherd-Themistocleous. 86
The measured values of b-baryon lifetimes are
systematically lower than those for B mesons.
These analyses, which are described in more de-
tail in the talk by Peter Ratoff 87, are performed
using a variety of methods that select different
compositions of b baryons, whose production frac-
tions at the Z or at the Fermilab collider are
not well known. (In fact, some papers use the
symbol Λb to denote a generic b-baryon, but I
use Λ0b to denote the I = 0 bud ground state
baryon.) Measurements of the Λ0b lifetime gen-
erally use Λ±c ℓ
∓ correlations to select events from
the decay Λ0b → Λ+c Xℓ−ν¯. By fully reconstruct-
ing the Λ+c → pK−π+ decay and using kine-
matic cuts, one can obtain a high purity sample
of Λ0b → Λ+c ℓ−ν¯ decays. Alternatively, one can
obtain larger event samples by using the inclu-
sive decay Λ+c → ΛX and searching for Λℓ− or
even pℓ− combinations. These methods, however,
18
1 1.2 1.4 1.6 1.8 2
τ (Bs) (ps)
World average 1.52±0.07 ps
CDF  J/ψ φ(92-95) 1.34
+0.23
 -0.19 ±0.05 psnew
Average
of above
1.53±0.08 ps
OPAL Ds l(90-94) 1.54
+0.25
 -0.21 ±0.06 ps
DELPHI inclusive Ds(91-94) 1.60±0.26
+0.13
 -0.15 ps
DELPHI φ l(91-94) 1.76±0.20
+0.15
 -0.10 psnew
DELPHI Ds h(91-94) 1.65
+0.34
 -0.31 ±0.12 psnew
DELPHI Ds l(91-95, prel.) 1.53
+0.17
 -0.15 ±0.07 psnew
CDF  Ds l(92-95) 1.37
+0.14
 -0.12 ±0.04 psnew
ALEPH Ds h(91-93) 1.61
+0.30
 -0.29 
+0.18
 -0.16 ps
ALEPH Ds l(91-95) 1.54
+0.14
 -0.13 ±0.04 psnew
Figure 20: Summary of Bs lifetime measurements.
have a lower purity of Λ0b baryons, since, for exam-
ple, there can be background from Ξb → Ξcℓ−ν¯,
Ξc → ΛX .
Figure 21 shows the Λ0b lifetime measurements
obtained from Λ±c ℓ
∓ correlations in which the
Λ+c is fully reconstructed. The world average,
τΛB = (1.23 ± 0.09) ps, differs from the B0 life-
time by about 3σ. By including measurements that
use Λℓ− and pℓ− correlations, the LEP B Lifetime
Working Group obtains the average τb−baryon =
(1.21 ± 0.06) ps, or τb−baryon/τB0 = 0.78 ± 0.04.
This ratio is difficult to accomodate in calcula-
tions based on the 1/mQ expansion, which predict
a value in the range 0.9 to 1.0.
OPAL 88 has measured the ratio RΛℓ =
B(b−baryon → ΛℓX)/B(b−baryon → ΛX),
which should be a good approximation to the av-
erage b baryon semileptonic branching fraction.
They obtain RΛℓ = (6.8±1.3±1.0)%, which is con-
sistent with the expectation based on the shorter
b baryon lifetime and the assumption of equal
semileptonic widths of B mesons and b baryons.
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
τ (Λb) (ps)
World average 1.23±0.09 ps
OPAL Λc l(90-94)
1.14+0.22
 -0.19 ±0.07 ps
DELPHI Λc l(91-94)
1.19+0.21
 -0.18 
+0.07
 -0.08 ps
new
CDF Λc l(92-93)
1.32±0.15±0.07 ps
NEW
ALEPH Λc l(91-95 prel.)
1.21+0.13
 -0.12 ±0.04 ps
new
Figure 21: Summary of Λb lifetime measurements.
6 Conclusions
The combination of new measurements and new
theoretical methods is transforming the subject of
heavy-flavor dynamics. For many such processes,
we have much more than a qualitative understand-
ing: detailed, quantitative comparisons between
theory and experiment have been performed, and
the results are quite encouraging. In particular,
there has been substantial progress on decay con-
stants and semileptonic decay form factors. Quan-
tities related to the hadronic rate, such as the in-
clusive semileptonic branching fraction, nc, and b-
hadron lifetimes, have proved to be more difficult
to understand and have produced some intrigu-
ing puzzles. With the intensive effort underway at
several laboratories, there is every reason to ex-
pect that these questions can be explored in great
detail, and that many new ones will arise as rare
decay modes become more accessible.
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Questions
Yung su Tsai, SLAC:
Will there ever be enough semileptonic decay
events of B and D, so that we can measure the po-
larization of µ and τ? If polarization is different
for charged conjugate decay modes, it will indicate
the non-standard model CP violation, i.e., the ex-
istence of a new charged gauge boson.
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J. Richman:
It is not possible to measure the µ polariza-
tion, since these particles do not decay in the de-
tector volume. In principle, one could measure
the τ polarization in the decay B¯ → D∗τ−ν¯, but
it wouldn’t be easy, and it would require a very
large data sample. While this decay has been ob-
served at LEP, it has not been seen at the Υ(4S),
since the presence of two neutrinos (including the
τ− decay) makes its separation from background
very difficult.
Bennie F. L. Ward, U. of Tennessee:
Could you explain why you say that the
branching fraction B(B → DsX) is experimen-
tally different at CLEO and LEP, even though
theoretically a particle’s branching fraction to a
given final state cannot depend on its velocity?
J. Richman:
This question is based on a misunderstanding.
At LEP, the b-hadron mixture includes Bs mesons
and b baryons in addition to B+ and B0 mesons.
Measurements of D+s production in this b-hadron
mixture will therefore yield somewhat different re-
sults than measurements at the Υ(4S), where the
b-hadron mixture includes only B0 and B+.
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